Abstract
Introduction

Most eukaryotic cells have an impressive capacity to apportion a fragment of their plasma membrane for invagination into enclosed structures that are then pinched off to form intracellular vesicles. The internalized membrane and cargo is then delivered to a number of different intracellular destinations such as
Membrane Trafficking [1] . Spatial organization of the endomembrane system and directed transport on endocytic pathways are both controlled by the cell cytoskeleton that typically controls centripetal movement to a perinuclear region that also contains lysosomes, recycling endosomes, the microtubule organizing centre, centrosome and the Golgi apparatus [2, 3] . It is now known that a number of different internalization mechanisms exist, including uptake via clathrin coated pits, caveolae and other poorly characterized processes that do not seem to rely on either clathrin or caveolae [4] [5] [6] [7] [8] (Fig. 1) .
Phagocytosis is confined to specific cell types such as macrophages and dendritic cells and the same is true about macropinocytosis, a process that shares many features with phagocytosis -see below.
Phagocytosis has been extensively characterized at morphological and molecular levels [9] but the lack of recent reviews detailing macropinocytosis is a reflection of our poor understanding of unique molecular features that may govern this event, and in many cell types, its exact physiological role over other endocytic processes [10] [11] [12] . Given the fact that pathogens are master highjackers of other endocytic pathways including phagocytosis, it is not surprising that macropinocytosis is also utilized by microorganisms to gain access to the cells. Examples include Salmonella, Listeria and adenoviruses and macropinocytosis inducing toxins have also been described [13] [14] [15] [16] [17] . [18] [19] [20] . The [19] . Constitutive macropinocytosis has been observed in dendritic cells [23, 24] and NIH3T3 fibroblasts expressing a ruffling kinase [25] but whether this is a required cellular activity in nonphagocytic cells is unclear.
In Dictyostelium, macropinocytosis, demonstrated by the formation of circular ruffles or crowns, accounts for most of fluid phase uptake and scanning electron microscopy (SEM) images of the projecting circular ruffles demonstrate the extensive reorganization of the plasma membrane that is required to form macropinosomes in this organism and in mammalian cells
The membrane ruffling and macropinocytosis that immediately follows the addition of growth factors is accompanied by a rapid increase in uptake of markers for fluid phase endocytosis [26] [17] . Similarly, treatment of the same cell line with EGF results in an extremely rapid (30 s) increase in fluid phase uptake accompanying extensive membrane ruffling [26, 27] ; the resulting increase in fluid phase uptake is often used as a defining feature of this process. Within minutes of growth factor activation, cells boast the appearance of ruffles that cover the entire surface of the cell including the leading edge where they manifest as lamellipodia [28, 29] . The appearance and morphology of these is quite different to the circular ruffles, prominent in Dictyostelium (phacocytic cups) and HGF-SF stimulated epithelial cells [19, 20, 30, 31] .
There is no consensus as to the proportion of membrane ruffles that end up as macropinosomes [11] , but the formation of an enclosed macropinosome is more than likely a result of fusion of the protruding structures or back-fusion of a protrusion with an unruffled section of the plasma membrane (Fig. 1) [20] . There is also considerable overlap relating to the requirements of proteins regulating these two processes with those shown to be involved in promoting cell motility [32] .
A [38] . These studies suggest that the composition of the macropinocytic cup and nascent macropinosome is regulated, defining the later as a unique endocytic organelle rather than just an enclosed fragment of the original plasma membrane.
As mentioned earlier, once growth of the protrusion is finished there will be a requirement for a membrane fusion event to close leading edges to fashion the macropinosome (Fig. 1) (3, 4, 5) P3 from PI (4, 5) P2. Nanomolar concentrations of wortmannin inhibit fluid phase uptake and the homotypic fusion of early endosomes [39, 40] and subsequent studies revealed that a number of PI 3-kinase variants were involved in endocytic traffic with the class III variant hVPS34, that specifically phosphorylates PI, being prominent on endosomal membranes and microdomains that are subsequently enriched in its product PI(3)P [41] [42] [43] .
In macrophages, wortmannin also affected macropinocytosis and phagocytosis but the inhibitory step was in the closure of ruffles or phagocytic cups rather than the formation of membrane protrusions that were still clearly observed by SEM [18] [45, 46] 
Rabs and macropinocytosis
Rab proteins are small GTPases that control multiple membrane trafficking events in the cell. Approximately twelve Rab members have now been located on endocytic structures and several have been implicated in regulating the dynamics of distinct endocytic processes
. One of these is Rab5 and represents one the most studied Rab variants that controls several endocytic processes including invagination at the plasma membrane, endosomal fusion, motility and signalling. Transfection of cells with a constitutively active Rab5 leads to the formation of swollen endosomes not dissimilar in appear-
ance to early macropinosomes [47] , and increased expression of Rab5 together with an active form of Ras promotes the formation of circular ruffles [48] .
In [50] .
ADP-ribosylation factors (ARFs) are also small GTPases that function in membrane traffic [51] . One variant, ARF6, is localized to the plasma membrane and in conjunction with the actin cytoskeleton and its exchange factors and activators, acts as a prominent ruffling factor regulating macropinocytosis, cell adhesion and migration [52, 53] . [12] . The intracellular dynamics of macropinosomes was first extensively studied in EGF stimulated A431 fibroblasts [22, 63] and macrophages [64] [65] [66] and later reviewed [12] . In macrophages, the macropinosomes followed a somewhat conventional centripetal route to tubular lysosomes; as determined by acquisition and loss of classical marker proteins such as the transferrin receptor and Rab7, identifying early and late endosomes, respectively.There were many similarities to this process when macropinosomes were studies in Dicyostelium [67] or in mammalian cells transfected with GFP-c-Src [34] .
The fate of the macropinosome on the endocytic pathway
In contrast to observations in macrophages, there was little evidence of co-localization of EGF-induced A341 macropinosomes with other endocytic markers such as transferrin, neither were macropinocytic cargo delivered to lysosomes in these cells [22] . In a separate study, the transferrin receptor was found to be enriched, via exocytosis, on plasma membrane ruffles of stimulated cells thus suggesting that membrane for ruffles and possibly macropinosome formation was provided in part from the endosomal pathway [29] [79] .
A role for nexins in macropinosome sorting
A member of the sorting nexin (SNX) family of proteins was recently shown be involved in macropinosome maturation [75]. SNXs comprise a family of approximately 30 peripheral membrane proteins that are characterized by having a SNX phox homology (PX) domain that bind most notably to PI(3)P [77, 78]; a number have therefore been located on endosomal structures. A least seven members also contain a Bin/Amphiphysin/Rvs (BAR) domain that is thought to aid in the binding of the PX domain to membrane but also to sense membrane curvature
SNX5 was shown to co-localize with EEA1 on microdomains of macropinosomes but was also apparent in tubular extensions that seemed to emanate from these structures [75] ; tubulation of macropinosomes was noted earlier in mammalian and amoeba cells [22, 68] . This suggest that tubulation may be one mechanism that helps retrieve membrane back to the plasma membrane, resulting in the shrinkage of the macropinosome that was noted in the first demonstration of macropinocytosis [21] . SNX5 and other sorting proteins may be working in conjunction with microtubules that ran in parallel to the tubular membranes and also appeared to organize themselves as a mesh around the macropinosome [75] . Similar [29] . There is also some evidence for the involvement of the endoplasmic reticulum in the traffic of material entering via macropinocytosis, or in providing membrane for macropinosome formation [80] . [83] . Table 1 and common to many, but not to all, is the relatively high number of positive amino acids lysine and arginine over other amino acids. In view of the heterogeneity of their sequences and properties they are often further subclassified to arginine-rich, amphipathic, non-basic and more specific criteria [84, 85] . The charge on the cationic peptides allows them to interact strongly with negative charges on the plasma membrane and this interaction is reduced in cell lines with defects in heparan sulphate and glycosaminoglycan synthesis [86] [87] [88] [93, 94] . All microscopy and cytometry experiments with these entities are now performed in live cells, and trypsinization and heparin washing is now commonly used to reduce plasma membrane binding prior to quantifying intracellular peptide.
Cell penetrating peptides as vectors for drug delivery
The most intensely studied CPPs include those derived from the transduction domains of the HIV transcription factor TAT (HIV-TAT peptide) or the Drosophila melanogaster homeobox protein Antennapedia (penetratin), together with synthetic oligomers of arginine (R4-R16). The sequences of a few of these are shown in
Confocal microscopy highlights the fact that the peptides enter vesicular structures in a number of different cell types including the HeLa and A549 cells shown in Figure 2 . But despite extensive study there is no consensus regarding the uptake mechanism and whether there is a preferred entry route. As previously mentioned, hundereds of CPPs have now been described and as there is no consensual sequence, it is unlikely that a common mechanism of entry exists and this is highlighted in a number of studies [87, [95] [96] [97] . Equally, any cargo that they are attached to could also influence cellular interaction, endocytosis and intracellular dynamics [96, 98, 99] . Focus here will be on experiments performed with fluorescent variants of HIV-TAT, oligoarginines and penetratin ( Table 1 ).
The case for and against macropinocytosis
In EGF stimulated A431 cells the increased fluid phase uptake that accompanies macropinocytosis was found to be inhibited by the ion-exchange inhibitor amiloride, however, endocytosis of the transferrin receptor was unaffected by this drug [63] . Similarly, the enhanced fluid phase uptake, driven by adenovirus-induced macropinocytosis was inhibited by 5-(N-ethyl-N-isopropyl) amiloride (EIPA), a more potent analogue [17] . Consequently, these agents are regularly used to define uptake via macropinocytosis, but amiloride and EIPA also strongly inhibit receptor-mediated uptake of albumin in renal proximal tubule-derived epithelial cells [100] [101] [102] . Here, it is unlikely that uptake is via macropinocytosis and albumin has been shown to enter cells via clathrin coated pits and caveolae [103] [104] [105] [106] . To various extents, EIPA also inhibits the uptake of HIV-TAT peptide and oligoarginine peptides raising the possibility of a link between macropinocytosis and uptake of CPPs [87, 107, 108] , and supporting previous studies showing amiloride inhibition on the uptake of a TAT peptide-Cre protein conjugate [109] . The microscopy studies to date show the peptides, as single fluorescent conjugates, labelling typical pinocytic vesicles and tubules (Fig. 2) [110] . Scale bar 15µM. membrane binding of HIV-TAT or octaarginine peptides [110] [111] [112] .
There is strong evidence that these peptides promote undefined actin rearrangements and this like membrane ruffling may be a Rac-dependent activity as both TAT peptide and octaarginine (R8) rapidly increased the levels of activated Rac and also induced the formation of lamellipodia [87] . In other studies CPPs HIV-TAT and nona-arginine induced the rapid internalization of the EGF-and tumour necrosis factor receptor [113] and it will be interesting to determine whether there is a coincidental increase in fluid phase endocytosis in these cells. Support for this comes from observations that the TAT-Cre conjugate and TAT peptide conjugated to a fusogenic peptide, enhanced fluid phase uptake of 70 KD dextran [109] .
A number of studies have now shown that a fraction (up to 90%) of HIV-TAT and R8 peptide uptake at 37ЊC occurs independently of inhibition by ion-exchange inhibitors EIPA and amiloride [87, 108, 110, 111] . Uptake of R8 and HIV-TAT in leukaemia cells was relatively insentitive to EIPA but at concentrations higher than 50 µM a much higher fraction of the peptide was found in the cytosol [111] . In a separate study, the cytosolic delivery of oligoarginine and uptake of a CPP-immunogenic antigen chimera was unaffected by amiloride treatment [114, 115] . Amiloride and amiloride analogues have additional quite dramatic effects on the actin cytoskeleton and cell morphology [116] , and their capacity to inhibit macropinocytosis may be mediated through actin. The sub-cellular distribution of conventional markers for early and late endosomes, EEA1 and Lamp1, were also highly sensitive to amiloride and EIPA treatment [111] [110] , though other studies suggest that lysosomes are bypassed by a penetratin peptide that was trafficked from endosomes to the Golgi [119] .
These endocytosis studies must also be reviewed in parallel with those that clearly show energy independent uptake of CPPs through the plasma membrane [97, 98, 108, 110, 112] . Recent studies in leukaemia cells suggest that R8 enters cells efficiently at 4ЊC but at temperatures ≥12ЊC the same cell may internalize the peptide by endocytosis and direct plasma membrane translocation; the relative contribution of each is dependent on temperature and the peptide concentration [112] . This raises the possibility that entry into the cytosol from the extracellular media or the endo-lysosome lumen occurs via a similar concentration dependent mechanism (Fig. 3) [84] . In view of the significant differences in sequences and properties of peptides included in the CPP family, there are 
